High specific surface area activated carbon prepared by Perilla frutescens (PFHSAAC) was modified on the surface of the glassy carbon electrode (GCE) by drop-coating method to construct a PFHSAAC/GCE. The electrochemical properties of the modified electrode were investigated in detail by some electrochemical methods such as cyclic voltammetry (CV), differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy (EIS). Experiment results show that the modified electrode has excellent redox activity and distinction capability toward the two isomers of catechol (CC) and hydroquinone (HQ). The separation of oxidation peak potential for HQ and CC of DPV is 112.8 mV. Under the optimal conditions, the oxidation peak currents of HQ and CC show good linear relationships with their concentrations in the ranges of 1.0 × 10 , respectively. The limits of detection for HQ and CC are 3.57 × 10 -7 and 4.23 × 10 -7 mol L -1 , respectively. The PFHSAAC/GCE exhibits good stability, repeatability and sensitivity. The developed method was used to determine HQ and CC in water samples with best results.
Introduction
As an important pharmaceutical intermediate and basic chemical raw materials, dihydroxybenzene is widely used in the fields of medicines, dye, cosmetics and other related industries. 1 Due to their high toxicity, catechol (CC) and hydroquinone (HQ) are considered as pollutants to environment and human beings by the US Environmental Protection Agency (EPA). 2 Thus, it makes sense to search for a rapid, accurate, sensitive and low-cost way for the detection of two dihydroxybenzene isomers. Because of their similar chemical and physical properties, it is difficult to separate and detect the CC and HQ simultaneously. Nowadays, due the advantages of simple operation, high sensitivity, low cost and high reliability, 3 the electrochemical methods have become a hotspot to determinate dihydroxybenzene isomers simultaneously. 4 Yet, the oxidation and reduction peaks of HQ and CC usually overlap together, rendering them unsolvable by conventional electrodes. 5 According to the reports, some modified electrodes with modifiers comprising polymer, 6 polyamino acid/carbon, 7 polyaniline/ graphene, 8 ionic liquid, 9 porous carbon derived from metal organic frame, 10 gold nanoparticles-overoxidized polypyrrole-multi-walled carbon nanotubes composite film, 11 AuNPs/GO@PDA (gold nanoparticles/graphene oxide@ polydopamine) 12 and activated carbon 13 have been proposed for the detection of HQ and CC. Among them, carbon materials are widely utilized to enhance the performances of electrochemical sensors. [14] [15] [16] [17] [18] [19] Perilla frutescens (L.) Britt. belonging to an annual herb of the family labiatae, is widely distributed worldwide, especially in China. Perilla frutescens (L.) Britt. has been confirmed to be able to accumulate and transfer heavy metals. 20 Our previous studies showed that the enrichment factor of Perilla frutescens (L.) Britt. for Cd was above 50. 21 Nevertheless, the disposal of heavy metalsconcentrated plants becomes a bottleneck problem that limits phytoremediation technology.
In this paper, high specific surface area activated carbon prepared by Perilla frutescens (PFHSAAC) was used to modify the glassy carbon electrode (GCE). The PFHSAAC was characterized by scanning electron microscopy (SEM) and Brunauer-Emmett-Teller (BET) analysis. The electrochemical properties of PFHSAAC/GCE were studied by using cyclic voltammetry (CV) and electrochemical impedance spectra (EIS). A differential pulse voltammetry (DPV) method was developed for the determination of HQ and CC. These results not only provided a new method for sensitive detection of HQ and CC in water samples, but also explored a feasible and practical way for reusing the heavy metal enrichment plants.
Experimental

Reagents and apparatus
The surface morphology and structure of PFHSAAC were characterized by a scanning electron microscopy (SEM, Hitachi S-4800, Japan). The surface area (calculated by BET method), pore size distribution (calculated by Barrett-Joyner-Halenda (BJH) method) and pore volume were obtained at 77 K by using three station fully functional multi-purpose gas adsorbent (3Flex, Micromeritics, USA). All electrochemical measurements were performed on a CHI660D electrochemical workstation (Chenhua Instrument Company of Shanghai, China) with a conventional three-electrode system. A platinum wire, a Ag/AgCl electrode (in saturated KCl solution) and a bare GCE or PFHSAAC/GCE (diameter of 3.0 mm) were used as the auxiliary electrode, the reference electrode and the working electrode, respectively. All the CV and DPV analysis were taken in 5 mL of 0.2 mol L -1 phosphate buffer solution (pH 7) at room temperature. CC and HQ were purchased from Aladdin Chemical Co., Ltd. (Shanghai, China). Other chemicals were analytical reagent grade and all solutions were prepared with double distilled deionized water.
Synthesis of activated carbon
In order to prepare the PFHSAAC, a delicate procedure should be designed. Firstly, in N 2 atmosphere, Perilla frutescens powder was placed in a muffle furnace and heated up to 600 °C at a heating rate of 2 °C min -1 and held for 1 h. Consequently, the as-pyrolyzed carbon was mixed with KOH in a mass ratio of 1:4, the mixture was heated at 800 °C for 1 h in N 2 atmosphere. Finally, the obtained activated carbon was washed by double distilled deionized water and then dried in the drying oven at 120 °C for 12 h.
Preparation of modified glassy carbon electrode A 2 . 5 m g o f P F H S A AC a n d 1 m L o f N,N-dimethylformamide (DMF) were mixed ultrasonically for 30 min, and then a uniform and black suspension was obtained. Before modification, GCE was consecutively polished by aqueous alumina slurries with a polishing cloth. Ultrasonic treatment was used to clean the polished electrode in anhydrous ethanol and double distilled deionized water sequentially. At last, definite volume of the suspension was dropped on the surface of GCE and then dried under an infrared lamp.
Results and Discussion
Characterization of PFHSAAC Figure 1 shows the nitrogen adsorption-desorption isotherms and the pore size distribution curve for the PFHSAAC. The prepared PFHSAAC shows type IV curve with hysteresis loop at high pressure, which implies the existence of mesoporous pores. 22 , and a narrow pore-size distribution center at 2.13 nm ( Table 1 ). The dimension distribution of the aperture belongs to micropore and mesopore. Micropore volume and surface area were accounted for about 5.45 and 6.91%, respectively. These results imply that the porous structure belongs mainly to mesoporous. The large surface area and mesoporous structure promise the potential application of the PFHSAAC in the field of modified electrode. Figure 2 illustrates the surface morphology and structure of PFHSAAC by SEM. It can be seen that the surface of the PFHSAAC contains a large number of pores with different pore diameters. An amorphous structure with a high specific surface area is formed. Such developed pores and high specific surface area can provide channels for the rapid transmission and diffusion of ions. 23, 24 Due to the structure of the PFHSAAC, a relatively good modified material for electrode can be anticipated.
Performance characterization of modified electrode
Fe(CN) 6 3−/4− is always used as an electrochemical probe to evaluate the electrochemical properties of the modified electrode. Figure 3 shows that the redox peak current of Fe(CN) 6 3−/4− remarkably increases and the separation of redox peak potentials (ΔEp) for Fe(CN) 6 3−/4− at the PFHSAAC/GCE is smaller than that of GCE. The oxidation peak current at the PFHSAAC/GCE is 1.5 times as high as that of the GCE. The smaller value of ΔEp and the higher oxidation peak current indicate that the PFHSAAC can increase the reaction area and accelerate the electron transfer process.
According to the Randles-Sevcik equation, 25 I p = 2.69 × 105 AD 1/2 n 3/2 ν 1/2 c (where I p is the response current, A is the effective area of the electrode, D is the diffusion coefficient of the reactant, n is the electron transfer number of the electrode reaction, ν is the scanning speed, and c is the concentration of the analyte). The surface areas of the PFHSAAC/GCE and GCE can be calculated to be 0.31 and 0.2 cm 2 , respectively. The active surface area of PFHSAAC/GCE is 1.55 times than that of GCE. According to the view of Hrapovic et al. 25 and Yang et al., 26 the larger surface area of the electrode is, the better the electrocatalytic performance and the higher the sensitivity will be. The results further confirm that the PFHSAAC can increase the reaction area and accelerate the electron transfer process.
Electrochemical impedance spectroscopy (EIS) is another method to study the interface features of electrodes in electrochemical reaction. To further investigate the modification of PFHSAAC film on electrode surface, the EIS results of GCE and PFHSAAC/GCE in the presence of equimolar [Fe(CN) 6 ] 3−/4− have been studied, respectively ( Figure 4) . In order to understand clearly the electrical properties of the electrodes/solution interfaces, the Randles equivalent circuit (inset of Figure 4 ) was used to fit the obtained impedance data (Table 2) , where R S is the resistance of the substrate, C dl is the electrical double-layer, R ct is the charge transfer resistance, and Z w is the diffusing resistance of ions from the solution to the interface between the electrode and the solution.
As shown in Figure 4 , EIS curve includes a semicircle part and a linear part, the semicircle part at high frequencies corresponds to the electron transfer process, and the linear part at low frequencies corresponds to the diffusion process. 27 The fitting results indicate the R ct of the GCE and PFHSAAC/GCE are 622.7 and 75.9 Ω, respectively. The R ct of the bare electrode is greater than that of the modified electrode, but the C dl is smaller, indicating that the charge transfer speed on the bare electrode is slower. The PFHSAAC builds a good electron channel between the electrode surface and electrolyte. These results agree well with the conclusion of CV.
Electrochemical behavior of HQ and CC on modified electrode
There are a broad oxidation peak and two undistinguished reduction peaks in the CV ( Figure 5, curve b) at bare GCE. The broad oxidation peak can be attributed to the fact that the oxidation peaks of CC and HQ merge into a large peak. This phenomenon manifests that HQ and CC cannot be separated at the bare GCE. On the contrary, distinguishable redox peaks of HQ and CC can be observed in Figure 5 (curve a) at PFHSAAC/GCE. The oxidation peak potentials of HQ and CC are 94.5 and 207.3 mV, while the reduction peak potentials are 23.6 and 134.5 mV, respectively. The separations of oxidation and reduction peak potential for HQ and CC are 112.8 and 110.9 mV, respectively. It is reported that HQ and CC can be detected separately when the potential difference ranges from 100 to 125 mV, 28 so it is possible to determine HQ and CC by using PFHSAAC/GCE.
Electrochemical measurement conditions
Effect of pH on the electrochemical behavior of CC and HQ Both HQ and CC possess two phenolic hydroxyl groups, 7 so the acidity of mixed solution to be measured can influence the current responses of HQ and CC. It can be seen that the oxidation peak currents of CC and HQ increase at first and then decrease with the increase of the pH value, they reach the maximum when the pH is 7.0 ( Figure 6A ). The important reason for this phenomenon may be explained as follow: when the concentration of H + in the solution is higher, the surface of PFHSAAC protonated is more easily and the HQ and CC are more difficult to be ionized. On the opposite, the two dihydroxybenzene isomers show negative in basic solution, which have an electrostatic repulsion to the negative PFHSAAC. Considering the determination sensitivity, pH 7.0 is chosen as the optimal acidity of the electrolyte. The relationship between the peak potential of two analytes and pH was also investigated. The results are shown in Figure 6B . It shows that the oxidation peak potentials of HQ and CC shift negatively with the increase of the pH valule. Linear relationships for HQ and CC are obtained with the regression equations of E pa (V) = −0.0692 pH + 0.5798 (r = 0.9987) and E pa (V) = −0.0648 pH + 0.6646 (r = 0.9903), respectively. The slopes of regression equations are −69.2 and −64.8 mV pH -1 , which are close to the theory value of 58.5 mV pH -1 . The results are in agreement with those reported in literature concerned, indicating that the electrochemical redox of CC and HQ at PFHSAAC/GCE should be a two electrons and two protons process. Effect of scan rate on the electrochemical behavior of CC and HQ As can be seen in Figure 7 , the redox peak currents of CC and HQ increase with the scan rates. In the range of 20-100 mV s -1 , the oxidation peak currents are proportional to the scan rates for CC and HQ. The linear regression equations could be expressed as I pa (μA) = 105.3 ν + 7.778, r = 0.9947 (HQ) and I pa (μA) = 139.8 ν + 9, r = 0.9967 (CC), respectively. The results indicate that the oxidation processes are typical adsorption-controlled processes. 29 However, in the range of 100-450 mV s -1 , the plots of the oxidation peak currents for CC and HQ against the square root of scan rate show excellent linear relationships. The linear equations are I pa (μA) = 35.15 v 1/2 + 4.1073, r = 0.9924 (HQ) and I pa (μA) = 52.679 v 1/2 + 3.0966, r = 0.9951 (CC), respectively. The results indicate that the oxidation reaction processes of HQ and CC on modified electrode surface are diffusion-controlled process. 29 With the increase of scan rate, the oxidation peak potentials of CC and HQ shift positively and the reduction peak potentials shift negatively. This phenomenon suggests that the reactions for HQ and CC are quasi reversible process. 30 In this work, the E pa and E pc are linearly dependent on the natural logarithm of the scan rate volume of the suspension of PFHSAAC. As can be known in Figure 8 , the maximum response currents of HQ and CC occur when the volume is 6 μL. So 6 μL was chosen as the optimal amounts of the suspension.
19,29
Determination of CC and HQ with differential pulse voltammetry
Considering the detective sensitivity and accuracy, the determination of HQ and CC at PFHSAAC/GCE were carried out by DPV method under optimum conditions. As shown in Figure 9 , the peak current of HQ increasing linearly with the increasing concentration. However, the changes of HQ concentration have no significant influence on the peak currents and peak potentials of CC. Similarly, as shown in Figure 10 Table 3 . It indicates that the prepared PFHSAAC has good application prospects in the field of modified electrodes.
Reproducibility stability and interference studies
Under the optimal conditions, the reproducibility of the PFHSAAC/GCE was examined by DPV for seven consecutive measurements in phosphate buffer solution (pH 7.0) containing 100 μmol L -1 HQ and 100 μmol L -1 CC. The relative standard deviation (RSD) of the oxidation currents of both HQ and CC are calculated to be 4.1 and 2.7%, respectively. After cleaning and drying, the electrode was stored in phosphate buffer solution (pH 7.0) for three weeks at 4 °C in a refrigerator. The peak currents of HQ and CC remain 92.8 (SD = 3.2%) and 94.1% (SD = 1.8%), respectively. The results suggest the PFHSAAC/GCE has a high stability. In order to evaluate some possible influence factors, some common ions such as Mg 
Real sample analysis
In order to assess the possible applications of the proposed method, the determination of CC and HQ in local lake water was performed. The water samples were diluted with phosphate buffer solution. They were measured by the standard addition method. The results are shown in Table 4 . It is noted that the recoveries of HQ and CC are 90.8-99.4 and 91.2-111.2%, respectively, indicating that PFHSAAC/GCE has promising application and reliability for determination of HQ and CC in the environmental samples.
The method was validated by analysis of HQ and CC in water samples by the standard HPLC method. 39 Good agreement in terms of accuracy and precision was achieved for the analysis of HQ and CC in the water sample by the developed method and standard high performance liquid chromatography (HPLC) method as given in 
Conclusions
In this work, a sensitive and reliable electrochemical platform was designed. The electrochemical behavior of CC and HQ was investigated with PFHSAAC/GCE by CV and DPV methods. Compared with the bare GCE, the modified electrode exhibit high electrocatalytic activity, which can be attributed to the large specific surface. The proposed method was applied to determine CC and HQ in real samples with satisfactory results. The high sensitivity, excellent selectivity, good reproducibility, as well as long stability make it a promising candidate for designing effective dihydroxybenzene sensor.
